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ABSTRACT: Molecular imprinting polymers (MIP) have been
applied to capture and stabilize complex protein matrices at
plasmonic sensor surfaces. Ultrathin MIP layers at the surface of
gold nanodisks enable the label free quantification of global
interactions of polyphenols with protein mixtures. Separate
polyphenols (catechin, procyanidin B3- catechin dimer, and
PGG-pentagalloyl glucose) give specific and different binding
levels to the MIP supported saliva plasmonic sensor. The
demonstrated biosensor has application to study bioavailability of
polyphenols or evaluation of local retention of small drug
molecules.
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Polyphenols, present in dietary fruit and vegetables, areproposed to aid in prevention of a broad range of diseases
such as Alzheimer’s,1−3 Parkinson’s,1 coronary heart dis-
eases,4−6 and cancer,7−9 as well as provide antibacterial,10,11
antiviral,10 anticarcinogenic,12−14 and anti-inflammatory15−17
activities. The specific roles of polyphenols in biological
processes are not fully understood but have been highlighted
as a group of promising therapeutic or protective agents
regarding their ability to bind to proteins or block active
sites.8,18−22 Polyphenols, in common with many small drug
molecules, exhibit a broad and varied association with proteins
and other biomolecules, which has strong impact on their
bioavailability. The first barrier to bioavailability is inside the
mouth, where polyphenols interact with salivary proteins, such
as amylase (AMY), mucins, and proline-rich proteins (PRP)
altering the composition and concentrations available for
uptake in the digestive tract. Polyphenols reaching their site
of action, either via digestion or therapeutic delivery, will bind
to the complex protein environment giving a complex set of
global interactions likely determining their effect. Currently,
there is a lack of effective tools to study and characterize the
specific and global interactions between small molecules, such
as polyphenols and complex protein matrices.
Localized surface plasmon resonances (LSPR) have been
applied to give high sensitivity label-free optical detection and
quantification.23 Moreover, LSPR approaches have more
localized volumes of detection than conventional surface
plasmon resonance techniques, allowing higher sensitivity for
thin sensor films and less influence of bulk changes in refractive
index. Biomolecular recognition elements (typically antibod-
ies24) immobilized at the surface of a metal nanostructure act to
concentrate the analyte within the local optical field of the
plasmonic resonance. Other specific molecular interactions
have been applied including DNA−DNA,25 aptamer−pro-
tein,26,27 protein−protein,28,29 enzyme−substrate,30 and pro-
tein−small compound.31,32
Molecular imprinted polymers (MIP) are an attractive
alternative to antibodies33 due to their inherent stability and
short time preparation. The cross-linking of functional
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monomers around a target molecule enables the formation of
specific recognition sites, which allows the targeting of a specific
protein by a complex polymer surface. The recognition sites are
shaped and sized according to the template/target protein
positioning and orientation, resulting from the self-assembling
mechanism of functional monomer units. As a result molecular
imprinting gives both the ability for each cavity to selectively
recognize and stabilize a target molecule from a complex matrix
as well as to make sensor surfaces reusable. For LSPR sensors,
MIP can provide a thin sensing layer, targeting the high
sensitivity/high optical field regions around the nanosensor
which has been recently demonstrated.34 To date, MIP layers
have been used to recognize single specific analytes from a
mixture.
Here, we report for the first time the molecular imprinting
and stabilization of a complex protein matrix. We demonstrate
a novel application of molecular imprinting and plasmonics to
capture a matrix of human saliva proteins close to the surface of
an LSPR sensor. The reusable plasmonic sensor combined
molecular imprinting to capture a representative set of a
complex protein matrix instead of the traditional application to
selective capture a single analyte from a complex matrix.
Here, a natural complex matrix of salivary proteins was
immobilized to simulate the oral cavity environment. We
applied the complex sensor to follow the interactions of specific
polyphenols (pentagalloyl glucose (PGG), procyanidin B3, and
(+)-catechin) with human saliva, giving insight into the
molecular diversity of polyphenol retention and activity in the
oral cavity. The developed concept can be applied to
bioavailability studies of polyphenols and other small molecules
in a range of protein matrices and give information about tissue
specific polyphenol binding affinity and local retention.
■ EXPERIMENTAL SECTION
Au Nanodisks Fabrication. The Au nanodisks array was prepared
based on our previous work.32
Molecular Imprinted Films. The imprinting process of both
single (amylase) and multiple proteins matrix (saliva) started by
creating anchor spots to link the imprinting polymer to the Au
nanodisks surface. For that, the Au nanodisk substrates were first
incubated overnight in 1 mL of thiophenecarboxylic acid 5 mM
prepared in 10% ethanol. The proteins matrix (50 μL of AMY 10 μM
or pure saliva) was physically adsorbed by incubating for 2 h at 4 °C
followed by MQ water rinsing. The functional monomers (methacrylic
acid and (vinylbenzyl)trimethylammonium chloride, 5 mM) were then
added for 30 min each followed by overnight (12 h) polymerization by
1 mL of polymerization mixture containing ethylene glycol
dimethacrylate, methyl acrylate, and ammonium persulfate 5 mM at
39 °C. After polymerization, the template removal was carried out by
adding 50 μL of Proteinase K 500 μg/mL for 2 h at 37 °C.
Nonimprinted materials were produced in parallel in the same way,
but without the protein step.
LSPR Interaction Studies in a Flow System. Prior to interaction
studies with polyphenol (catechin, PGG and B3), the rebinding step
was performed by adding 100 μL of pure saliva and AMY to the
imprinted surfaces. The polyphenol interacted individually with AMY
or saliva, by injecting several standard solutions of increasing
concentrations; for PGG, concentrations ranged from 0.1 to 955
μM; for catechin, concentrations ranged from 160 to 56 500 μM, and
B3 100−57 000 μM at a flow rate of 50 μL/min. The spectra were
collected by measuring the incident light that passes through the flow
cell composed by the Au nanodisks substrates. The polyphenol and
protein interacted for 2.5 min followed by 2.5 min of rinsing with
buffer before spectra collection.
The overall modification steps were performed in steady state
conditions, whereas their evaluation was in continuous flow mode.
■ RESULTS AND DISCUSSION
Molecular Imprinting Procedure on Au Nanodisks.
Both saliva and α-amylase (AMY) were surface imprinted at
LSPR sensor surfaces. Gold nanodisk LSPR sensors were
fabricated on glass substrate by hole mask colloidal
lithography.35 The process (shown in Figure 1) used a 100
nm diameter colloidal template adsorbed on 200 nm polymer
films followed by deposition of a 20 nm Titanium film
evaporated by physical vapor deposition (PVD) to generate the
hole-mask. Subsequently, 2 nm Ti and 20 nm Au were
evaporated by PVD followed by mask lift-off to create Au disks.
Full details are found in the Supporting Information.
Surface imprinting36,37 was applied to proteins preadsorbed
at the nanodisks surfaces. Briefly, the imprinting process
consisted of three main steps. First, a thiol layer was introduced
overnight on the Au disks substrates playing an anchoring role
between the disks and the imprinting material. The following
step involved the physical adsorption of dense AMY or saliva
layer (characterized by SDS PAGE, Supporting Information)
on Au nanodisks for 2 h. Characterization of the preadsorbed
protein layer was carried out by both surface plasmon
resonance (SPR) and LSPR measurements combined with
the known AMY crystal structure and using a random
sequential adsorption model38 (see Supporting Information
Table S-2). The adsorbed AMY formed a thin, dense
monolayer, whereas the complex protein layer forming from
saliva formed a substantially thicker layer. Protein imprinting is
a complex process that can be complicated by proteins’
conformational change; therefore, we used water-soluble
monomers, cross-linkers, and initiators under mild conditions.
Molecular imprinting binding sites formation included both
negatively and positively charged monomers. The negative and
Figure 1. Schematic representation of MIP-Au nanodisks surface
imprinting followed by LSPR detection of small molecules. (A) Bare
Au nanodisks. (B) Thiophenecarboxylic acid thiol added to Au
nanodisks. (C) AMY or saliva adsorption. (D) Free radical
polymerization of MIP. (E) Enzymatic protein removal, proteinase
K. (F) AMY or saliva incubation. (G) Polyphenol interaction with
protein on the surface.
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positive monomers were added to the surface with adsorbed
protein (AMY or Saliva) for 30 min each, and washed with
Milli-Q water, followed by an overnight polymerization in the
presence of neutral monomer/cross-linker and an initiator
solution at 39 °C. The nature and outer surface structure of the
proteins determined the localization of several charged groups
over its entire surface. Therefore, before polymerization,
charged monomers were allowed to establish noncovalent
ionic interactions with the numerous protein charged spots
(template) of opposite charge. The in situ polymerization
process generated a network interlinking the charged
monomers and the surface. The formed molecular imprint
films were thinner than the expected sizes of the proteins which
suggest that only the lower part of the protein was imprinted
under the used conditions. In contrast to the binding sites, the
surroundings are composed of neutral monomer which reduces
nonspecific binding.39 Finally, the third stage was the template
removal, carried out at 39 °C by proteinase K, an efficient
enzyme for protein digestion. The imprinting process allowed
the production of two distinct smart materials: the AMY
imprinted material (AIM) and the saliva imprinted material
(SIM) on Au nanodisks. These smart materials were then used
for template (AMY or saliva) rebinding followed by polyphenol
interaction. As control, a nonimprinted polymer material (NIP)
without protein adsorption was also produced on Au nanodisk
substrates. The imprinting process details are described and
confirmed by an electrochemical technique in the Supporting
Information. The imprinting process was followed by character-
ization of the LSPR, by optical extinction spectroscopy
(Shimadzu 3600 UV-vis-NIR).
The fabrication process brings in a small but significant
sample to sample variation in the position and amplitude of the
resonant optical extinction maxima, giving initial peak positions
of 685 ± 11 nm in phosphate buffered saline (PBS), pH 7. This
variation in the initial peak position has a negligible effect on
the refractive index sensitivity allowing direct comparison of
refractive index induced peak shifts. The imprinting process was
followed by LSPR detection in a continuous flow system.
Extinction spectra were collected while PBS running buffer was
flowing through the chamber. The modifications steps
measured by LSPR can be seen in Figure 2.
The physical adsorption of AMY and saliva on Au nanodisks
induced an average peak shift of 1.94 ± 0.29 and 4.64 ± 1.04
nm, respectively, resulting from the increased refractive index
close to the metal surface giving rise to a red shift of the
plasmon peak. The formation of the polymer imprinting layers
(combined with any associated removal of bound protein)
resulted in an overall increased local refractive index of the Au
nanodisks. This resulted in an additional red shift of 0.50 ±
0.01 and 1.18 ± 0.32 nm for AIM and SIM, respectively, while
the peak shift of the control NIP was 1.60 ± 0.69 nm.
Proteinase K was selected as the template removal agent,
leading to a blue shift of 1.10 ± 0.31 and 1.81 ± 0.58 nm for
AIM and SIM (corresponding to a reduction of refractive index
close to the Au nanodisks), respectively, and a red shift of 0.38
± 0.25 nm for NIP. These results suggest that protein
fragments were removed from the binding sites at the MIP
surfaces, while for the NIP the small red shift observed may be
due to weakly adsorbed proteinase K molecules. All the details
regarding the modification process and LSPR measurements
are present in Supporting Information Figure S-3. The
imprinting process was confirmed by a parallel electrochemical
study using flat gold electrodes, as can be seen in Figures S-4
and 5 and Tables S-3 and 4 in the Supporting Information.
The decay length of the field enhancement around the Au
nanodisks surface was previously estimated by FDTD
simulations to be 17.7 ± 0.7 nm.32,40 It is known that the
sensitivity decreases dramatically with the increasing distance
from the surface. The polymer thickness with imprinted saliva
was evaluated by atomic force microscopy (AFM) imaging
showing a thin molecular imprinted polymer thickness of ∼4
nm on top of the Au nanodisks and ∼0.5 nm on the glass
substrate between the disks (Figure S-6 in the Supporting
Information). The imprinted and nonimprinted AMY polymer
substrates were also measured by AFM in liquid shown in
Figure 3, and details are found in the Supporting Information.
The presence of the template AMY led to a clearly altered
topography at the sensor surface compared to the non-
imprinted surface indicating that the imprinting process
occurred at the nanodisk surface.
Rebinding Capability. Protein entrapment can be an issue
for protein rebinding due to possible steric hindrance
limitations; thus it is essential to promote a good protein
removal. The use of thin polymers might be advantageous to
facilitate protein removal. Both smart surfaces AIM and SIM
were tested to evaluate rebinding capability. The results
obtained for AMY rebinding on AIM and saliva rebinding on
SIM (2 h) provided an LSPR red shift of 0.99 ± 0.35 and 1.79
± 0.28 nm, respectively, correlating very well with the blue shift
promoted by template removal, indicating a good rebinding
capability. The protein removal from the multiple used smart
materials provided an LSPR blue shift consistent with the
previous results, 0.94 ± 0.40 nm for AMY and 1.71 ± 0.58 nm
for saliva, showing the reusability of MIP samples (Table S-5 in
the Supporting Information). Both saliva and AMY were also
incubated on the NIP surface, promoting an additional peak
shift of 1.21 ± 0.28 and 0.57 ± 0.21 nm, respectively. These
results indicate that as expected both AMY and saliva can bind
nonspecifically to surfaces with the AMY binding being
Figure 2. LSPR spectral response for the molecular imprinting process
(MIP). (A) AMY imprinting, (B) saliva imprinting, and (C)
nonimprinted polymer (NIP). Blue line corresponds to bare Au
nanodisks (square), red line to AMY 10 μM or saliva adsorption
(inverted square), green line to polymer polymerization (circles), and
purple line to protein removal (triangle).
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comparable to that of the AMY MIP. The saliva imprinted
surface provides more robust and higher specific responses. The
capture of target proteins from saliva as achieved through the
molecular imprinting of Au disks, with the salivary proteins
being immobilized and available for use as a sensor element.
FDTD Calculations. Finite-difference time-domain
(FDTD) calculations of the Au nanodisks optical response
were performed by matching to the experimental extinction
spectra and determined sensitivities, plotted in Figure 4.
Experimental and FDTD spectra present similar peak shapes
and positions although relative intensity is slightly different.
Additionally, both spectra with peaks resulting from a dipole
resonance are in good agreement, Figure 4A and B. FDTD
simulations matched, as a starting point, the Au nanodisks
dimensions of 100 nm diameter by 22 nm height (20 nm Au
with 2 nm Ti adhesion layer) and the corresponding
experimental extinction peak. The Au nanodisk modification
led to an LSPR peak shift which is directly correlated with
experimental bulk refractive index changes. The sensitivity to
refractive index changes in thin films was measured by variation
of the films refractive index in the FDTD model and assuming a
maximum thickness of 7/14 nm for the AMY and saliva films,
respectively. The obtained calibration curves for 7 and 14 nm
films are plotted in Figure 4C and D. Measurements by SPR on
homogeneous surfaces indicated a surface coverage of AMY
consistent with a side on configuration of AMY with maximum
footprint (AMY size is indicated to be 11.5 × 11.9 × 7.0 nm3)
which points to an AMY thickness of 7 nm. Salivary proteins
are known to form thicker layers,41 and here we assumed that
the layer thickness was 14 nm, roughly determined based on
the protein composition of saliva and their three-dimensional
size. The final refractive index of the saliva layer using
calibration from FDTD simulations, assuming a 14 nm layer
thickness, was 1.38 which fits well with the refractive indices
measured on adsorbed saliva films.41
FDTD also provided additional information about the spatial
confinement of the plasmon induced near−field, which
indicates that highest values of the near-field enhancement of
the incoming optical field are localized around the upper and
lower rims of the Au nanodisk, as can be seen in Figure 4E. The
outcome of FDTD calculations allows the quantification of the
rebinding of protein and the amount of interacting poly-
phenols.
Binding Affinities. In this work, we carry out proof of
principle studies of the interaction of different polyphenol
compounds with the complex saliva MIP. Polyphenols from
different classes, flavonoid and nonflavonoid, were tested.
Three polyphenols were selected for the binding affinity
studies: PGG from the nonflavonoid class consisting of a
glucose molecule esterified with five gallic acid and two
different structural catechins; (+)-catechin and procyanidin
dimer B3 [(+)-catechin-(4−8)-(+)-catechin].
Figure 3. AFM images in liquid of (a) Au nanodisks (control), (b)
nonimprinted material, and (c) amylase imprinted on Au nanodisks
substrate.
Figure 4. Experimental (A) and FDTD simulated (B) extinction
spectra of Au nanodisks substrates immersed in different refractive
index solutions. Correlation peak position vs refractive index units
through FDTD for 7 nm (C) and 14 nm (D) layer thickness. (E) Field
enhancement (E2 scale 0−150) distribution image of the Au
nanodisks. (F) Two-dimensional cross section field map.
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Each polyphenol was injected in the flow system interacting
with the protein content on both AIM and SIM surfaces, while
control NIP and AIM/SIM without protein rebinding were also
evaluated. Generally, the imprinted materials provided better
response than nonimprinted materials, Figure S-7, Supporting
Information. Additionally, the obtained signals when using
saliva are significantly higher than those for the tests with AMY.
The imprinted material with no rebinding was used as a control
providing the lower signal (Table S-6 and Figure S-7 in the
Supporting Information). Binding characteristics were meas-
ured by repeated injection of increasing concentrations of PGG
ranging 0.1−955 μM, catechin 160−56 500 μM, and B3 100−
57 000 μM, all shown in Figure 5.
When PGG, catechin or B3 were injected in the system, they
interacted with surface bound protein and gave red shifts of the
plasmon peak that remained after rinsing indicating a strong
interaction. The obtained shifts indicate a linear dependence
with log Polyphenol concentration (LSPR λmax shift vs log
concentration). Though, for all polyphenols, the linear response
was only achieved for a smaller region within the tested
concentration range.
The signal from PGG binding to the LSPR sensor surface
(Figure S-7, Supporting Information) showed a consistently
higher binding at MIP surfaces compared to NIP. The
difference was much larger for saliva surfaces compared to
AMY surfaces, which correlated to an overall lower protein
binding of the AMY. The variation in the measurements for the
NIP surfaces was substantially larger than MIP surfaces that
may result from weaker or more variable protein-NIP surface
interactions. Binding of polyphenols directly to the polymer
surface in the absence of protein, showed a low but significant
level. When protein is attached to the surface (in particular for
the saliva surfaces) it likely reduces this background binding
both competing for PGG adsorption and blocking the surface.
We correlate the PGG binding to the amount of protein in
order to estimate the binding characteristics. The quantification
for the AMY assumed a 7 nm layer while that of the saliva used
a 14 nm layer. It should be noted that the ratio of the amount
of polyphenol to protein is unaffected by the assumed
thickness. In Figure 5A, the ratio of polyphenol mass/protein
mass is plotted versus polyphenol concentration (log scale).
This mass ratio can be indirectly corrected with the peak shift
through the refractive index increment which is higher by a
factor of 3 for PGG (0.532 cm2/g experimentally measured
value) in comparison with the protein (0.180 cm2/g literature
value42). PGG binding to saliva is higher than binding to AMY
(∼2 times higher). We cannot rule out a contribution of PGG
binding directly to the MIP surface; however, the PGG binding
to AMY corresponds to around 20−25 PGGs/protein for the
highest concentration which is comparable to that previously
observed for PGG binding to AMY covalently attached to
surfaces.32 The stronger PGG attachment to the complex
protein mixture of saliva (we observe more than 36 proteins at
the MIP layer by mass spectrometry including AMY; see Table
S-7 in the Supporting Information) indicates that other
proteins within the saliva are significantly stronger binders for
PGG than AMY, suggesting that sensors based on specific
single proteins (even those which are the most abundant) risk
wrongly evaluating the global response. The binding profiles for
PGG showed a linear regime (in the log scale) at higher
concentrations but with significant deviations toward higher
binding at low concentrations suggesting that there are ranges
of binding strength sites at the proteins (which has been
observed before for PGG binding to AMY). The overall
amount of PGG molecules binding reaches a very high level at
higher concentrations at the saliva. While we cannot calculate
the number of PGG molecules binding to each protein in saliva
we estimate the binding to an AMY sized protein would on
average be ∼40 which indicates that protein unfolding reveals
additional binding sites or that PGG cluster growth occurs at
already bound PGG molecules.
We applied our sensing approach to study the differences
between polyphenol interaction with proteins. The combina-
tion of ultrathin MIP layer with LSPR allowed us to evaluate
the binding of two small polyphenols (the monomeric basic
unit of condensed tannins, (+)-catechin MW 290.3, and a
Figure 5. Ratio of polyphenols mass/protein mass for (A) PGG, (B)
B3, and (C) catechin. AMY (triangles) and saliva (circles).
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catechin dimer, the procyanin-B3 MW 2 × 290.3) and the PGG
(MW 940.7), with both AMY and saliva.
The LSPR signals for B3 (Figure S-7B, Supporting
Information) and catechin (Figure S-7C, Supporting Informa-
tion) were significantly lower compared to that for the PGG as
might be expected from their lower molecular weight; however,
significantly larger concentrations of the polyphenols were
required to induce binding, indicating a concomitant weaker
interaction (see Figure 5). Binding to the polymer surface in
the absence of the protein was also significantly lower than for
PGG. Interestingly, the two smaller polyphenols studied
showed different profiles of binding to AMY versus saliva. B3
binding to AMY was stronger (∼factor of 2) than to the
complex saliva protein mixture and higher binding tendency
with the increase of B3 concentration. While for catechin the
binding to AMY is higher than to the saliva complex but with
similar binding tendency with increased catechin concentration,
also suggesting a stronger interaction. This fact could indicate
that AMY has a limited number of higher binding sites while
the complex of saliva proteins has some proteins with
substantial numbers of low binding strength sites. The signal
levels observed for the catechin binding with its low molecular
weight to AMY were similar to those for the maximal binding
observed at nonprotein covered surface (albeit at higher
concentrations of catechin) and with significant errors
indicating that the catechin binding to AMY is likely close to
the detection limit for our system.
Overall, we observed a significant variation in the binding
strength of polyphenols to the complex mixture of saliva
proteins compared to binding to one specific protein (AMY).
Amylase is shown to bind PGG weakly relative to saliva but to
bind B3 and catechin stronger. This demonstrates that for
studying global effects of different small molecule binding on
proteins, a complex saliva protein mixture has the potential to
give a better response than sensors based on single or a few
proteins. For polyphenol binding to the complex saliva mixture,
we observe a strong variation in binding of specific polyphenols.
The effect of a complex food matrix on the protein and
polyphenol interaction was also tested showing some
interference, although the signal was affected in a very
systematic way indicating that for the analysis of complex
food matrices a careful choice of an appropriated matrix for
calibration needs to be made (Figure S-8, Supporting
Information). In the field of food science, this provides a
method and proof of principle to study quantitatively both the
importance of different polyphenols in astringency but also to
understand and correct for the astringency response from
specific wines and base ingredients during production. In
particular, these approaches may be used to study the
bioavailability of polyphenols from food and beverages after
passing through the oral environment. A similar concept for
studying global binding response of drug molecules to the
complex protein environment of tumors or intracellular
environment could be applied to estimate retention or local
bioavailability of drug molecules in therapeutic situations on the
site of action.
The presented results indicate that all three polyphenols
showed large affinity with proteins and may interact with
multiple binding sites. The binding affinity provides informa-
tion about barriers to polyphenol transport through interaction
with complex protein matrices before its absorption by the
organism and consequently about their bioavailability. Accord-
ing to these results it seems that PGG will be the less available
polyphenol after passing through the mouth while catechin will
be the most available. Catechin is a monomer with low
molecular size which may favor its absorption by the intestine
lumen.
■ CONCLUSIONS
Here we have developed a plasmonic biosensor to study global
interactions between small molecules and complex protein
matrices. We have made use of smart MIP layers which are
ultrathin, combining with the high localization of the optical
fields around the plasmonic sensor and imprint complex
protein matrices to allow the capture and study of saliva and its
interaction with polyphenols. The sensor would allow the study
of bioavailability of small molecules in food or drug delivery
applications associated with a broad range of disorders
including neurodegenerative diseases, cardiovascular disease,
and cancer.
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